I discuss main observational inputs and analytical methods in formation of large scale structure in the universe with particular reference to approximate methods for understanding gravitational clustering and computational techniques used in simulations. Di erent statistics which are used to di erentiate models of structure formation are also discussed in brief.
Introduction
Cosmology although one of the oldest subjects of human enquiry, until the 20th Century lay in the domain of metaphysics, a subject of pure speculation. With little observational data it's practitioners were philosophers and religious leaders rather than scientists. The science of cosmology emerged in the 20th Century when it rst became possible to probe great distances through the universe. Observations from ground based observatories and satellites in several frequency bands starting from Gamma rays to radio provided images and data that could begin to discriminate competing theories.
The universe that we observe and seek to understand is astonishingly smooth on larger scales (> 100 Mpc), but is increasingly inhomogeneous on smaller scales (< 30 Mpc). Although evolution of a smooth background universe is well understood in the general frame work of FRW models, any reasonable model of the universe has to explain the origin and evolution of such inhomogeneities. While study of generation of such perturbations is mainly related to study of early universe, here we will be concentrating mainly on observational and theoretical aspects of evolution of these large scale structures.
Observations related to large scale structure in the universe can be mainly divided into three categories. (1) Observations related to distribution of galaxies, (2) Observations related to peculiar velocities i.e. deviations from smooth Hubble ow, (3) The initial condition: along with the positions and velocities of galaxies it is extremely important that we have some idea about the initial condition of the system from which it has evolved this enables us to check that the observed velocities and density inhomogeneities are really consistent with the paradigm of gravitational clustering. One of the major input to observational cosmology from cosmic microwave background studies is to provide information about such initial conditions in terms of initial potential uctuation.
On the theoretical side the major e ort has been devoted to understanding the generation of perturbation, quantifying the statistical nature of density and velocity inhomogeneity and understanding the evolution of inhomogeneities from the initial condition in terms of dynamics of gravitational clustering.
Observational Inputs

Density inhomogeneity and redshift surveys
Over two million galaxies have been mapped in 2D angular surveys although redshift of small fraction of them is actually known at present. The clustering of galaxies are very clear in three dimension surveys such as CfA (Center for Astrophysics) survey and the southern sky redshift survey (SSRS). These two surveys taken together contain over 15,000 galaxies. It is clear from gure-1 that galaxies are not distributed randomly in the universe and they appear to lie preferentially in two dimensional sheets and one dimensional laments which separate huge voids which have practically no galaxies. The typical length scale characterising this cellular structure is about 30{50 h ?1 Mpc, h being the Hubble parameter measured in units of 100 km/sec/Mpc.
The most commonly used statistics for describing clustering of galaxies are n-point correlation functions. Lowest order member of this family is 2-point correlation function (r) which estimates the probability in excess of random of nding galaxies at a distance r from a given galaxy. h (x) (x +r)i = 2 (1 + (r)):
(1) Where (x) is the density at x and averaging is done over di erent realisation of the density eld. On scales r < 10 h ?1 Mpc, the two point correlation function can be accurately described by a power law, 
For a Gaussian random eld the amplitude k has Rayleigh distribution and phases k are distributed uniformly in the interval 0{2 ]. As is well known a Gaussian random eld is completely speci ed by its power spectrum. P (k) = hj (k)j 2 i (5) so that the two point correlation function (r) and P (k) are related by the following relations.
We have plotted the power spectrum recovered from di erent observations in gure -3. More details about redshift surveys are given in 2]
Lots of important information actually can be gathered by studying the dynamical aspects of groups and rich clusters of galaxies. While groups can typically carry somewhere between ten to Figure 2 : Isodensity contours about the mean value of a Gaussian random eld. Left panel: region above the mean density. Right panel: regions below the mean density. Gravitational clustering can modify such initial topology and the signature can be used to di erentiate models. Adopted from Gott, J. R., Melott, A. L., Dickinson, M., 1986, ApJ, 306, 341 hundred galaxies depending upon the size, galaxy clusters are generally massive objects containing sometime thousands of galaxies. Dynamical states of these objects and their relative abundance can be used to di erentiate between di erent types of cosmological models. Presence of large density contrast like cluster in the line of sight of CMB observations produces appreciable distortions in the CMB sky.
Peculiar velocities of galaxies
For a smooth FRW universe relative velocities of two points will be proportional to their separatioñ r. Presence of inhomogeneities will distort their smooth Hubble ow and we can write the deviation asṽ pec =Ṽ ? Hr. Any deviation from Hubble ow characterises e ect of gravitational potential due to density inhomogeneities. Estimates of peculiar velocity depend upon the sample depth, most surveys indicate v pec 350 Km/sec, on scales of 50 Mpc. From the dipole anisotropy in CMBR sky one can estimate the peculiar velocity of our own galaxy with respect to CMBR rest frame, which indicate that Milky Way is moving at a velocity v pec 610 Km/sec. A detail study of large scale motion of elliptical galaxies made by Lynden-Bell et al. indicate that a sample of galaxies spanning a volume 50h ?1 Megaparsec cube could be participating in a bulk ow directed towards Centaurus. The large amplitude of the ow led theorists to suggest that a large density uctuation termed as \the Great Attractor" lying in this direction. Bulk ows in galaxies are directly related to uctuation in the gravitational potential. Considerable amount of e ort has been paid to di erent ways to reconstruct density elds from velocity data and compare them with redshift surveys. One of the major advantage in using this method is that peculiar velocity eld is sensitive to both luminous and dark mass as compared to galaxy surveys which map only luminous matter in the universe 1]. 
Cosmic Microwave Background Anisotropy
Most important discovery in recent years has been the detection of large angle anisotropy (> 7 o ) in the cosmic microwave background made by COBE satellite in 1992. (These uctuations are generally believed to have primordial origin unlike the dipole anisotropy discussed earlier. These uctuations are related to the primordial uctuation present in matter-energy density at the time when universe started becoming transparent due recombination of protons and electrons and photons started streaming freely. These photons which are reaching the detector now are carrying extremely valuable information about cosmological parameters like ; h; , ratio between scalar and gravity wave perturbations, and composition of dark matter particles i.e whether they are made of highly relativistic low mass neutrino (also known as hot dark matter particle or HDM) or more massive and relatively cooler particles which are moving with non-relativistic speed (also known as cold dark matter or CDM). In addition to these they carry information about relative amplitude of perturbation. Other important information like ionization history of the universe is also encoded in the CMB spectra 6].
It is conventional to expand the temperature uctuation in spherical harmonics 
Here n 1 ; n 2 are unit vectors and the average is taken over the entire sky with separation angle 12 held xed. Using the properties of Y lm , the correlation function can be written as
Typically the conversion from multipole space l to angular scale is accomplished by the following approximate formula. 
A common way of comparing theory and experiments is through a lm . Of course an actual measurement of a temperature di erence on the sky involves nite resolution and speci c measurements strategies modifying equation (10).
As mentioned earlier COBE observations are made at large angles (> 7 o scales) but after successful measurement of anisotropy lots of other experiments has been set up to study uctuations at small angular scales. South Pole, Big Plate, PYTHON, MSAM, ARGO, MAX, White Dish, Tenerife and Southpole are experiments which are currently in progress.
While larger angles are free from astro-physical processes because they were outside the horizon during recombination smaller scale carry informations regarding astro-physical processes operating during recombination.
Finally gravitational lensing is another interesting observational input to large scale structure formation. This method can be used to map both luminous and dark matter components.
Analytical Methods
Statistical tools
As mentioned earlier, n-point correlation functions are most commonly used statistics for quantifying clustering of galaxies. Lowest order correlation function, 2-point correlation function and its Fourier transform, power spectrum are most commonly used statistical tools in cosmology. In the standard model of structure formation based on gravitational instability the power spectrum is related to (i) the spectrum of primordial uctuation generated during in ation and it is also related to (ii) the nature of dark matter in the universe. The power spectrum in model with hot dark matter shows a sharp cuto on scales greater smaller than 40h ?1 Mpc, which means that super-cluster size objects are the rst one to form in this scenario. Galaxies form later due to the fragmentation of these primordial super clusters. This scenario is commonly known as \top-down" scenario for galaxy formation and was proposed by Ya. B. Zeldovich during 1970's and 1980's. The cold dark matter model on the other hand, has power on all scales which is mainly related to the fact that the dark matter particles in this case are moving with relativistic speed. As a result the rst objects to collapse in this scenario have low mass and larger objects are formed due to merger of these small scale objects 3], 4].
Determination of higher order correlations are much more di cult than 2-point correlation although they carry additional informations about deviation from Gaussianity. Count in cell statistics and void probability function are commonly used to extract information about higher orders from galaxy catalogues. Other important statistical methods based on fractal analysis has also been studied in this connection which are closely related to count in cell statistics.
Although n-point correlation functions contain valuable informations about statistics of cosmological elds, geometrical aspects like shapes of collapsed objects and topological connectivity of overdense or underdense regions can not be studied using them. One of the rst method suggested in this direction was based on percolation theory. Other important statistical indicators based on geometry are shape statistics and minimal spanning tree. Besides geometry of collapsed objects topological properties of overdense and underdense regions have also been studied extensively and they can be used to distinguish di erent models of structure formation.
All the statistical methods we have described so far are based on description of density eld but similar analysis regarding probability distribution function, two point correlation function can also be extended to velocity elds. It has been shown that moments of velocity divergence are more sensitive to cosmological parameters like ; etc which can be used to determine these parameters. Statistical properties of velocity eld and density eld are related to each other if we believe that gravitational clustering is responsible for formation of structure in the universe.
Dynamical approximations
Analytical treatment of gravitational clustering of collisionless particles is extremely di cult due to complicated non-linear nature of the problem. However tremendous progress have been made in recent years by using approximate methods to model this di cult problem. Most of these approximations rely on simpli ed dynamics or special initial conditions 5].
Gravitational dynamics in an expanding background is described by the following set of equations. All the partial derivatives has been taken with respect to co-moving co-ordinates and the background dynamics of expanding universe enters into the picture through the presence of scale factor a(t). (These set of equation is only valid before trajectory crossing beyond which one can not extend this hydrodynamical description Roughly speaking one can divide the gravitational clustering in three di erent regimes. In the quasi-linear regime the density contrast is small and one can linearise these equations by neglecting all higher order non-linear terms. Linear evolution of density growth preserve the Gaussianity, very soon higher order corrections start dominating and one has to take into account corrections to linear calculations. Although cumbersome, these perturbative methods of analysis can give considerable insight into the dynamics of quasi-linear regime. Perturbation theory can be done in Lagrangian co-ordinates where one measures physical quantities in a moving reference frame which is attached to the uid element. In general Lagrangian perturbation theory perform better than Eulerian Perturbation theory.
In the highly non-linear regime one assumes that structures have already collapsed and they are in a state of statistical equilibrium which have stopped evolving with rest of the universe, which means that Hubble ow is balanced by opposite peculiar velocity eld. This assumption also known as stable clustering ansatz helps in simplifying the dynamics in highly non-linear regime. Other e orts in this regime include di erent methods of closing the system of equation known as BBGKY hierarchy which govern the evolution of n-point correlation functions.
Intermediate regime is most di cult to understand and several dynamical approximations like Zeldovich, Adhesion, Frozen Flow, Frozen Potential, smooth potential and conserving momentum approximations help us a lot to understand one or other aspect of gravitational clustering in this regime.
Other aspects of gravitational clustering like number density of collapsed objects (also known as mass function) has been studied in great detail which also provide us with extremely valuable informations like merger history. Several scaling ansatzs have also been suggested to relate nonlinear power spectra with linear spectra which is extremely useful in reconstructing primordial power spectra.
There has also been e ort to understand gravitational clustering based on principles of thermodynamics which seems to work well at least for Poisson shot noise initial condition.
It may be clear from the above discussion that some of the aspects of gravitational clustering can be understood by using analytical methods. Nevertheless many situations remain outside the reach of analytical techniques and one is compelled to adopt a numerical approach to solve the equation of motion of particles. In general numerical solutions are also used widely to test the analytical predictions. The simplest way to compute the non-linear evolution of cosmological uid is to represent it as a discrete set of particles, and then sum the pairwise interaction between particles directly to calculate the Newtonian force on each particle. One then uses this force to update the velocity and position of these particles. Depending upon how force is calculated from distribution of particles, numerical codes can mainly be divided into two categories (1) Particle -Particle or P P code where pairwise force is calculated directly for all the particles. (2) Particle -Mesh P M code where a rectangular grid is used for calculating the density of the particles from their positions, which in turn is used to get the gravitational potential (and hence gravitational force) by using Fast Fourier algorithms which increases the speed of the code by order of magnitude. However PP codes are more accurate in calculating the force. Most of the codes that are commonly used are a hybrid of this two methods, i.e. they calculate the forces due to neighbouring particles by direct summation and for other particles they rely on fast Poisson solver. This method is known as Particle -Particle: Particle -Mesh or P 3 M code. With increasing computational power numerical methods can now handle more and more number of particles and also at the same time they are becoming more accurate in force calculations.
Our discussion so far has been limited to gravitational clustering of dark matter particles which being collisionless are easier to model. For comparing simulation data with galaxy catalogues however one has to take baryonic components into account. Including baryonic components means one has to calculate pressure and cooling which makes hydrodynamical codes more complicated in nature. Figure 5 : The evolved particle positions from n-body simulations are plotted for initially scale free n = 0 power spectra (Poisson Shot noise) in 2D for two di erent epochs in the upper two panels. In lower panels we superpose n-body data with predictions from adhesion approximation. Adopted from 5] For perturbations which are of size comparable to horizon or constituent particles are moving with relativistic speed one has to do actual relativistic calculation and it is not appropriate to use Newtonian picture described above. Calculations regarding cosmic microwave background where one has to calculate path of photons in a perturbed background are important class of problem which fall in this category.
Conclusion
The pace of discovery has accelerated markedly in last few decades. In next decade or so, major projects will measure the distribution and velocities of galaxies, dark matter, and radiation at cosmological distances. These results will tightly constrain all present theories of the Universe and may point to fundamentally new paradigm. By its very nature cosmology entails explaining a single series of irreproducible events. Our ability to explore the physical Universe is limited to those regions which are in casual contact. Given these consideration one might wonder whether the basic features of the universe are explainable as a consequence of symmetry and fundamental laws of physics or some key features are largely determined by special initial conditions, extraordinary coincidence and/or physical laws that are untestable locally. One hopes to get some answer in this direction from next generation experiments.
The pursuit of science has often been compared to the scaling of mountains, high and not so high. But who amongst us can hope, even in imagination, to scale the Everest and reach its summit when the sky is blue and the air is still, and in the stillness of the air survey the entire Himalayan range in the dazzling white of the snow stretching to in nity? None of us can hope for a comparable vision of nature and of the universe around us. But there is nothing mean or lowly in standing in the valley below and awaiting the sun to rise over Kinchinjunga.
